Archaea synthesize membranes of isoprenoid lipids that are ether-linked to glycerol, while Bacteria/Eukarya produce membranes consisting of ester-bound fatty acids. This dichotomy in membrane lipid composition or 'lipid divide' is believed to have arisen after the Last Universal Common Ancestor (LUCA). A leading hypothesis is that LUCA possessed a 'mixed heterochiral archaeal/bacterial membrane', however no natural microbial representatives supporting this scenario have been shown to exist today. Here, we demonstrate that bacteria of the Fibrobacteres-Chlorobi-Bacteroidetes (FCB) group superphylum and related candidate phyla encode a complete pathway for archaeal membrane lipid biosynthesis in addition to the bacterial fatty acid membrane pathway. Key genes were expressed in the environment and their recombinant expression in E. coli resulted in the formation of a 'mixed archaeal/bacterial membrane'. Our results support the existence of 'mixed membranes' in natural environments and their stability over large evolutionary timescales, thereby bridging a once-thought fundamental divide in biology.
Lipid membranes are essential for all cellular life forms to preserve the integrity and individuality of cells, as well as having a direct influence in the maintenance of energy metabolism. Lipid membranes are also key in differentiating the domains of life. Bacteria and eukaryotes have membranes formed by fatty acids linked to glycerol-3-phosphate (G3P) via ester bonds, while archaea have membranes made of isoprenoid alkyl chains linked by ether linkages to glycerol-1-phosphate (G1P), leading to an opposite stereochemistry of the glycerol phosphate backbone 1 . This segregation in lipid membrane composition, or 'lipid divide', has been hypothesized to have appeared early in the evolution of microbial life from LUCA, but the nature of the lipid membrane of LUCA and its subsequent differentiation in Bacteria and Archaea remain unknown. Some studies have proposed that a non-cellular LUCA lacked a lipid membrane [2] [3] [4] . A recent study suggested that the membrane of LUCA was formed by fatty acids and isoprenoids without the glycerol phosphate backbone as a requirement to have a lower membrane permeability that could sustain a proton gradient 5 . The most parsimonious hypothesis may be that LUCA had a heterochiral lipid membrane composed of both G1P and G3P together with fatty acids and isoprenoids 6, 7 , which later diversified into archaeal and bacterial membranes resulting in the 'lipid divide'. It was originally proposed that this differentiation may have been driven by heterochiral membrane instability 8, 9 , but heterochiral membranes are in fact stable 10 and a recent study has proven that they are, in some cases, more robust to environmental stresses 11 .
Another critical issue in the 'lipid divide' is the membrane lipid composition of eukaryotes. Multiple lines of evidence indicate that eukaryogenesis encompassed an endosymbiosis event of a bacterial cell into an archaeal host [12] [13] [14] [15] [16] [17] . Thus, the bacterial-like composition of contemporary eukaryotic membranes implies that an early eukaryote had its archaeal-like membrane replaced by a bacterial-like one, possibly through a 'mixed membrane' intermediate containing both the archaeal membrane lipids with ether-linked isoprenoids to G1P and the bacterial ones with ester-linked fatty acids to G3P. This would imply that bacterial-like membrane molecules arose twice, in bacteria and in eukaryotes. The competing syntrophic hypothesis of eukaryogenesis 18, 19 proposes that the host of the mitochondrial endosymbiont was a bacterium, avoiding the need for a transitional step from an archaeal to eukaryotic membrane. Some eukaryogenesis models also suggest that the membrane transition was facilitated by intensive bacterial lipid transfer from the endomembrane system 20 . Because most models for the origin of eukaryotes require a membrane transitional step similar to the one expected in the 'mixed membrane' scenario for LUCA, it is striking that no remnants or natural microbial representatives with a heterochiral 'mixed membrane' have yet been described that would support the viability of such a scenario.
Over the years, the concept of the 'lipid divide' has been challenged by the identification of traits thought to be characteristic of archaeal membrane lipids in bacteria and vice versa.
Firstly, some bacteria (and eukaryotes) produce ether-linked lipids [21] [22] [23] [24] [25] [26] [27] . Secondly, the biosynthesis of membrane-spanning lipids, another trait thought to be specific for the archaea, also occurs in bacteria [26] [27] [28] [29] [30] . However, no bacteria are known to produce membrane lipids based on isoprenoidal chains or possess the 'archaeal' G1P stereochemistry. Thirdly, it has been postulated that archaea produce small amounts of fatty acids 31 and an almost complete biosynthetic pathway for fatty acid synthesis is encoded in many archaeal genomes 32 . Lastly, two uncultured archaeal groups, the marine Euryarchaeota group II and Lokiarchaeota, contain archaeal lipid biosynthesis genes alongside bacterial-like fatty acid and ester-bond formation genes but lack the capacity to synthesize the G1P backbone via glycerol 1-Pdehydrogenase (G1PDH), while they have the genetic background to produce G3P 33 .
However, a recent study has observed that G1P-lipids can be synthesized in the absence of G1PDH 11 , which may suggest that these uncultured archaeal groups could synthesize a membrane with both archaeal and bacterial traits 33 . This observation is exciting as Lokiarchaeota are considered the nearest descendants of the archaeal ancestor leading to eukaryotes. Nevertheless, there is no further evidence that the presence of these genes in those two archaeal groups actually leads to the synthesis of 'mixed heterochiral membranes', meaning membranes harboring both G3P-bacterial and G1P-based archaeal membrane lipids.
Taken together, these observations expose a 'lipid divide' that is not as clear-cut as originally thought. Nonetheless, no natural microbial representatives have ever been found that can synthesize both archaeal and bacterial membrane lipids.
Serendipitously, we discovered a living 'mixed archaeal/bacterial membrane' bacterium in the Black Sea, a basin whose euxinic waters may resemble the ancient oceans 34 . Members of the phylum Candidatus Cloacimonetes of the FCB group superphylum were highly abundant in the deep waters (>10% of the 16S rRNA gene reads, see Fig. 1a ). A genome-centric metagenomics approach of the water column was undertaken to shed light on the physiology of these bacteria and four Ca. Cloacimonetes draft genomes with substantial to near completeness and low contamination were assembled (see Supplementary Information, Supplementary Table 1 ). The high abundance of these metagenome-assembled genomes (MAGs) in the deep waters matched the Ca. Cloacimonetes 16S rRNA gene abundance profile ( Fig. 1b) , and phylogenomic analysis based on 43 concatenated core genes confirmed their taxonomic position ( Fig. 1c-d ). Analyses of the MAGs revealed the lipid biosynthetic pathways of Ca. Cloacimonetes. First, genes of the bacterial fatty acid biosynthetic pathway were detected, including the gene (gps) encoding glycerol-3-phosphate dehydrogenase (catalyzing the formation of G3P) (see Supplementary Information, Supplementary Table 2 ), the acyltransferases responsible for the esterification of fatty acids and G3P, as well as genes coding for enzymes involved in downstream reactions 35 (see Supplementary Table 2 ). Hence, Ca. Cloacimonetes harbors the genes enabling the formation of a normal bacterial membrane. Strikingly, however, putative genes of the archaeal lipid biosynthetic pathway were also detected in all four Ca. Cloacimonetes MAGs. A homolog of the archaeal generanylgeranylglyceryl phosphate (GGGP) synthase is co-localized (i.e. encoded in close proximity) in the genomes with an archaeal (S)-2,3-di-O-geranylgeranylglyceryl phosphate (DGGGP) synthase (Supplementary Information). These two enzymes together mediate the formation of the two ether bonds between isoprenoid alcohols and G1P resulting in the production of unsaturated archaeol 1 . Distant homologs of both GGGP and DGGGP synthase genes have previously been reported in bacterial genomes, however their presence has never been associated with the production of archaeal lipids. Whereas GGGP synthase activity has been confirmed in only a few bacteria 36 , DGGGP synthase belongs to a large superfamily of UbiA prenyltransferases with several different potential functions 32 , and bacterial homologs were assumed to have divergent activity. However, the close proximity of the two genes in the Ca. Cloacimonetes MAGs and their relatively high sequence similarity to archaeal homologs led us to hypothesize that this bacterium encodes GGGP and DGGGP synthase activity and is thus capable of synthesizing archaeal-like membrane lipids.
The possibility of a chimeric composition of the MAGs resulting in a spurious detection of GGGP and DGGGP synthase genes in these organisms was discarded by both in silico analyses and by experimentally amplifying and resequencing one of the scaffolds containing these genes from the original Black Sea water samples (Supplementary Information). The presence of Ca. Cloacimonetes GGGP and DGGGP synthase gene transcripts in the Black Sea water confirmed that they were also expressed (Supplementary Information). Previous studies have determined that GGGP synthase homologs of the phylum Bacteroidetes have in vitro GGGP synthase activity on G1P like the archaeal GGGP synthase 36 , rather than the heptaprenyl synthase activity detected in the bacterial PcrB orthologs detected in Bacillus subtilis 37 . To biochemically verify the predicted enzymatic activity in Ca. Cloacimonetes, we recombinantly produced its GGGP synthase protein in E. coli. The purified protein was found to catalyze formation of GGGP from geranylgeranyl diphosphate (GGPP) in an enzymatic assay ( Fig. 2a ). Then we tested if the Ca. Cloacimonetes GGGP and DGGGP synthases could support the formation of a 'mixed membrane' in a bacterial cell, by co-expressing them in an E. coli optimized for production of GGPP and G1P, the likely substrates of the two enzymes (see Methods). Cells producing both GGGP and DGGGP synthase contained significant amounts of phosphatidylglycerol archaeol with 8 double bonds (Fig. 2b) , the expected intermediate in the biosynthesis of archaeal membrane lipids in the absence of a specific geranylgeranyl reductase in E. coli 38, 39 . Hence, our experiments provide strong evidence for potential synthesis of archaeal lipids by this group of bacteria, the final validation depending on the isolation of these elusive bacteria from their environment, such as from the deep waters of the Black Sea.
In addition to genes for GGGP and DGGGP synthase, other genes required for the synthesis of isoprenoidal archaeal lipids were also detected in the Ca. Cloacimonetes MAGs, including the genes for a complete bacterial isoprenoid MEP/DOXP pathway ( Supplementary   Table 3 ), as well as genes coding for acetyl-CoA C-acetyltransferase and hydroxymethylglutaryl-CoA synthase of the Mevalonate pathway (see Supplementary Table   3 ). Furthermore, two polyprenyl synthases were detected in the Ca. Cloacimonetes MAGs (see Supplementary Information, Supplementary Table 4 ). Finally, the Ca. Cloacimonetes MAGs also include digeranylgeranylglycerophospholipid reductases that are closely related to homologs found in other Ca. Cloacimonetes, as well as other members of the FCB group superphylum and related candidate phyla, which are related to homologs found in Euryarchaeota (see Supplementary Information). In summary, in addition to ether bond formation, these bacteria have the capacity to synthesize isoprenoid side chains and saturate them, characteristics that are fully in line with archaeal lipid membrane biosynthesis 1 .
Only two main genes of the archaeal lipid biosynthetic pathway were not detected in the Ca. Cloacimonetes MAGs. One of them is the CDP-archaeol synthase (CarS) forming the activated CDP-archaeol before the addition of the polar headgroups in combination with other specific archaeal enzymes 9 . However, it has been recently demonstrated that the bacterial CDP diacylglycerol synthase (CdsA) can replace the function of the archaeal CarS to generate CDP-archaeol. Subsequently, substrate promiscuity allows the bacterial phosphatidylglycerophosphate synthetase (pgsA) together with the phosphatidyl-glycerophosphatase (pgpA) to recognize CDP-archaeol and synthesize archaetidylglycerol 40 as in the archaeal lipid biosynthetic pathway. All these bacterial enzymes are encoded by the four reported MAGs (Supplementary Table 2 ).
The second lacking gene is glycerol-1-phosphate dehydrogenase (egsA) coding for the enzyme enabling G1P biosynthesis (i.e. G1P-DH). Its bacterial homolog (araM), occurring in a few bacteria 41 , is also absent. This may seem enigmatic at first sight, as it would suggest that the presumed archaeal membrane lipids synthesized by Ca. Cloacimonetes would not have G1P as a glycerol phosphate backbone. Notably, there must be an alternative pathway for the formation of G1P, as G1P-archaeal membrane lipids were formed in a genetically engineered bacterial strain of E. coli, whose genome also did not contain egsA nor araM 11 . Considering this, it is possible that the archaeal-like membrane lipids synthesized by Ca. Cloacimonetes still have the archaeal G1P stereochemistry despite the lack of genes coding for G1PDH and AraM in their genomes. However, we cannot rule out that the presumed 'archaeal' lipids possess the bacterial G3P stereochemistry as promiscuity of GGGP synthase for G3P has been observed 11, 42, 43 .
Homology searches coupled to phylogenetic analysis indicated that the presence of archaeal lipid biosynthetic genes in bacterial genomes is not limited to Ca. Cloacimonetes from the Black Sea. Close GGGP and DGGGP synthase homologs are found together in other genomes of Ca. Cloacimonetes, as well as in other FCB group superphylum bacteria, genomes of related bacterial candidate phyla, and in one genome of Candidatus Parcubacteria of the Candidate Phyla Radiation 44 ( Fig. 3 , Supplementary Tables 5 and 6 ). The phylogenetic topologies of both the GGGP and DGGGP synthases in bacteria are similar with respect to both branching of bacterial groups and sharing a close affiliation with GGGP and DGGGP synthases from the TACK group, in particular Crenarchaeota 32 , suggesting that the two genes share a similar evolutionary history ( Fig. 3, Supplementary Information) . Genomic colocalization of GGGP synthase and DGGGP synthase as observed in the four Ca.
Cloacimonetes MAGs has previously only been seen in some Euryarchaeota, and within bacteria seems to be restricted to Ca. Cloacimonetes (Supplementary Information, Supplementary Table 7 ). Considering the basal placement of these genomes in the bacterial clade of both trees (Figure 3 ), we hypothesize that genomic co-localization of the genes may be the ancestral state.
The extended presence and close phylogenetic associations of the GGGP and DGGGP synthase homologs in the FCB group superphylum and related candidate phyla strongly supports the basal presence of these two enzymes in Bacteria, placing the origin well before the radiation of the superphylum. This implies that the capacity to synthesize 'mixed membranes' has clearly been stable in these bacteria over a long period of evolutionary time.
Two evolutionary scenarios may explain our current observations. First, the contemporary presence of these enzymes in FCB group superphylum bacteria could be an evolutionary remnant of the 'mixed membrane' stage after LUCA and before the diversification of Bacteria. Second, if the ancestor of the FCB group superphylum contained a homochiral bacterial membrane like the other contemporary bacterial groups, the phylogenetic similarities of the genomically co-localized genes could also reflect ancient horizontal gene transfer (HGT) from an ancestral archaeal lineage into the FCB group ancestor (see Supplementary Information).
We have shown that members of the FCB group superphylum harbor a complete archaeal membrane lipid biosynthetic pathway. Our data strongly suggest that members of Ca.
Cloacimonetes have the potential to synthesize a 'mixed heterochiral membrane', the first evidence of naturally occurring organisms with this ability. These organisms, as well as the rest of the FCB group superphylum, appear to be key in our understanding of the 'lipid divide', and are possible evolutionary remnants of the hypothetical 'mixed membrane' of LUCA. In any case, this discovery provides further support for the existence and thus feasibility of 'mixed membranes' in natural environments and over large evolutionary timescales, bridging the lipid divide.
Methods
Sampling. Suspended particulate matter (SPM) from 15 depths across the water column (50−2,000 m, Supplementary Table 8 ) was collected at sampling station 2 (N42°53.8', E30°40.7, 2,107m depth) in the Black Sea western gyre during the Phoxy cruise 64PE371 (BS2013) on the 9 th and 10 th June 2013 on board the R/V Pelagia ( Supplementary Table 8 ). In DNAse and reverse-transcribed to cDNA using random nonamers as described previously 45 .
The 16S rRNA gene amplicon sequencing and analysis was performed as described previously 46 . Taxonomy of the reads was assigned based on blast and the SILVA database version 123 47, 48 . Manual cleaning. The four Ca. Cloacimonetes MAGs were cleaned by plotting coverage across samples for all the scaffolds in the MAG, and manually removing those scaffolds that did not clearly have the same coverage profile as the majority (Supplementary Figure 1) . NIOZ-UU3 seemed clean based on its coverage profile so none of its scaffolds were removed.
Because the removed scaffolds do not contain marker genes, completeness and contamination estimates did not change (See Supplementary Table 1 for extended CheckM results of the four MAGs). Genome annotations and abundance estimations of MAGs were newly generated as described above after cleaning. Table 13 ). For Ignavibacteriae and Chlorobi all the RefSeq representative genomes were downloaded, and for Bacteroidetes only the first ten representative genomes. We only included genomes that were estimated to be less than 10% contaminated as called by CheckM in '--lineage_wf mode', and that contained at least 4 out of 43 phylogenetically informative marker genes in single copy that CheckM uses for bin placement 53 ( Supplementary Table 13 ). We realigned the 43 marker genes individually with Clustal Omega v1.2.3 59 . The genes were concatenated, gaps included if a gene was not present, and identical sequences removed ( Supplementary   Table 13 ). A maximum likelihood tree was inferred with RAxML v8.2.9 60 , with flags set to 'f a -m PROTCATLG -N 100 -p 12345 -x 12345'. In short, 100 rapid bootstrap searches were performed under the CAT approximation, and final trees were more thoroughly evaluated assuming a gamma distribution of rate heterogeneity for variable sites, with shape parameter ! estimated. Amino acid substitution rates were based on the LG matrix. The best scoring tree was visualized with iTOL 61 .
Placement of MAGs in the FCB
We identified 16S rRNA genes in the FCB group genomes included in the tree with the CheckM 'ssu_finder' utility ( Supplementary Table 13 ), resulting in 16S rRNA gene sequences for 20 Ca. Cloacimonetes genomes including NIOZ-UU1. We aligned these sequences with the Ca. Cloacimonetes amplicon sequences using MAFFT v7.394 62 , sliced out the amplicon region from the genome sequences, and removed identical sequences ( Supplementary Table 13 ). LG+R10 for GGGP synthase and LG+F+R10 for DGGGP synthase), including 1,000 ultrafast bootstraps 68 (random seed set to 12, 345) . For both trees, the consensus tree had a higher likelihood than the maximum likelihood tree found. Major clade separations were comparable between the maximum likelihood and consensus tree for both genes. Consensus trees were visualized in iTOL 61 .
Co-localization of GGGP and DGGGP synthase in FCB group superphylum genomes.
Predicted GGGP and DGGGP synthases from the four Ca. Cloacimonetes MAGs were queried with tblastn 47 (e-value <1e -5 and ³70% query coverage) against all downloaded GenBank/RefSeq FCB group superphylum genomes (above) to identify homologs. If hits were located on the same scaffold, the minimum base pair distance between GGGP and DGGGP synthase homologs was considered as a measure of co-localization.
PCR amplification, sequencing and gene expression of specific genes detected in NIOZ-

UU3.
To experimentally assess the assembly accuracy of NIOZ-UU3, primers were designed to amplify and sequence the genes predicted to code for the GGGP, DGGGP, polyprenyl synthase and the bacterial marker gene predicted by CheckM (helicase PriA see Supplementary Information) from the BS2013 2,000 m sample. PCR products were gel purified (QIAquick gel purification kit, Qiagen), cloned in the TOPO-TA cloning® kit from Invitrogen (Carlsbad, CA, USA). PCR targeting the coding genes of the GGGP synthase, DGGGP synthase, and polyprenyl synthase were tested with DNA and cDNA from the SPM samples recovered at 1,000 m and 2,000 m from the Black Sea 2013 campaign as a template.
Construction of GGGPS and DGGGPS expression plasmids. Plasmids for in vivo lipid
production were constructed by PCR amplifying the GGGP synthase ORF from pLVA01 and the plasmid pRSFDuet-1 (Novagen) using the primers GGGPS-RSFDuet-F/R and RSFDuet-GGGPS-F/R, respectively, and further recombined 69 (Supplementary Information) . A nonsynonymous mutation (Met to Val, based on NIOZ-UU3) was corrected by site-directed mutagenesis using the primers GGGPS-SDM-F/R, resulting in pABW1. The DGGGP synthase ORF was amplified using the primers DGGGPS-F/R and cloned into pRSFDuet-1 using NcoI and BamHI to construct pABW2. pABW3 (encoding both GGGPS and DGGGPS) was constructed by re-amplifying DGGPS from pABW2 and cloning the amplicon as a NcoI-BamHI fragment into pABW1. A N-terminally 6His-tagged GGGP synthase overproduction plasmid (pABW4) was constructed by recombining 69 the GGGP synthase ORF from pABW1 and pET-28a(+) (Novagene) amplified using the primers GGGPS-ET28-F/R and ET28-GGGPS-F/R, respectively. All inserts were verified to encode correct proteins by sequencing.
Recombinant production, purification and in vitro enzyme assay of GGGP synthase.
Purification and enzymatic assay of the NIOZ-UU3 GGGP synthase was based on the method of Jain et al. 70 . E. coli BL21(DE3) harboring pABW4 was cultured in 250 mL Lysogeny broth Co-expression of GGGP and DGGGP synthases in E. coli. E. coli C43(DE3) 72 harboring GGPP synthase (crtE) and G1PDH (araM) on plasmid pMS148 11 was used for expression of the GGGP and DGGGP synthases (encoded on plasmids pABW1, -2 and -3). Cells growing exponentially in LB medium were diluted into magnesium-supplemented terrific broth medium 73 (Mg-TB; 1.2% Tryptone, 2.4% Yeast Extract, 0.4% glycerol, 2 mM MgSO4, 0.23% KH2PO4 and 1.25% K2HPO4) to 0.01 OD600nm induced with 0.4 mM IPTG and incubated at 37 °C (200 rpm) for 16 h. Cells (10 mL culture normalized to 1.9 OD600nm) were harvested by centrifugation (4,000 rcf, 10min) and washed twice with 0.85% NaCl, lyophilized and then stored at -80°C. Analysis for production of archaeal-like lipids in E. coli was performed by extracting intact polar lipids (IPLs) by a modified Bligh-Dyer extraction 74 that was analyzed according to 75 °C. Elution program and ESI settings are described in 75 . The lipid extract was analyzed by an MS routine where a positive ion scan (m/z 400−2,000) was followed by a data dependent MS 2 experiment where the base peak of the mass spectrum was fragmented (normalized collision energy (NCE) 25, isolation width 5.0, activation Q 0.175). This was followed by a data dependent MS 3 experiment where the base peak of the MS 2 spectrum was fragmented under identical fragmentation conditions. This process was repeated on the 2 nd to 4 th most abundant ions of the initial mass spectrum. A checkmark in the legend marks bacterial groups with genomes that code for both GGGP and DGGGP synthase, a grey checkmark marks groups in which both genes are found but not in the same genome. The TACK group includes the Thaumarchaeota and the Crenarchaeota. Archaeal or Bacterial 'phylum not known': phylum is not known but the genome is annotated on a lower level, or sequence represents multiple groups. 'Domain not known': genomes for which no lineage was found on the PATRIC servers. Annotated trees with support values in Supplementary Figures 3 and 5. 
